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ABSTRACT

A black coating of unknown origin obscures the pictographs in Little Lost River
Cave, Idaho. We utilized x-ray photoelectron spectroscopy (XPS) to characterize the
outermost surface of the black coating to understand how it was formed. Carbon and
oxygen predominated in the XP spectra, whereas nitrogen was detected at varying levels
in different samples. High-resolution carbon 1s XP spectra showed that carbon was
present in at least three different forms: hydrocarbon C, carbonyl C, and carbonate C/
amide C. The N 1s peak was observed at ~399-400 eV binding energy, which is usually
attributed to aromatic or amide N. The surface composition of the coating was variable
throughout the cave. The XPS results are consistent with the coating’s being a waterdeposited layer of humic substances from the overlying soil.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to x-ray photoelectron spectroscopy (XPS)
XPS was developed in the mid-1960s by Kai Siegbahn in Uppsala, Sweden. He
was awarded the Nobel Prize for Physics in 1981 for his work in XPS.1 The phenomenon
is based on the photoelectric effect explained by Einstein in 1905, in which the concept of
the photon was used to describe the ejection of electrons from a surface when photons
impinged upon it.2 XPS, also sometimes called ESCA, for electron spectroscopy for
chemical analysis, has been in widespread use for analysis of surfaces since Siegbahn’s
original work.

1.2 Basic operating principle
XPS allows quantification of chemical composition based on the photoelectric
effect. Generally in this technique, a monochromatic soft Mg or Al anode X-ray source
is used to irradiate the surface. The absorbed x-rays ionize the core shell, and in
response, the atom creates a photoelectron that is transported to the surface and escapes,
as shown in Figure 1.1. The ionization potential of a photoelectron that must be
overcome to escape into vacuum is the binding energy (BE) plus the work function (Ф)
of the material. The emitted photoelectrons have a remaining kinetic energy (KE), which
is measured by using an electron analyzer. Individual elements can be identified on the
basis of their BE. The result is a characteristic set of peaks for a specific element in the
XPS spectrum. The BE of an element depends upon its oxidation state and environment.

1

Hence, changes in the chemical state of an element give rise to shifts in peak positions.
The quantification of each element depends on peak areas and sensitivity factors that
correct for several instrumental parameters.

Figure 1.1. Diagram showing excitation of core electron.

1.3 XPS and surface sensitivity
The surface specificity of XPS is due to the short range of photoelectrons that are
excited from the sample; photoelectrons cannot escape without energy loss during
transport to the surface. Thus, XPS is sensitive to only the top 3-5 nm of a surface. It
can detect all the elements in the periodic table except for H and He, which have very low
ionization cross-sections. It can be used in combination with argon sputtering to examine
the changes in sample with depth. Ultra high vacuum (UHV) conditions are required to

2

carry out any XPS measurements, and, thus, samples must be vacuum compatible. It is
widely used to study conducting and insulating solids.3 The surface specificity and
ability to distinguish different chemical environment makes XPS a powerful technique in
the analysis of polymers and thin films.

1.4 Photoelectron spectra
All the photoelectron spectra shown in this thesis have an abscissa of “Binding
Energy (eV)” and an ordinate of “Count Rate (counts/s)”. Two types of photoelectron
spectra are produced in the XPS process. Survey spectra are low-resolution spectra
useful for identifying the elements present at the surface of the material. Figure 1.2
shows a typical XP survey spectrum of a carbonate mineral surface. Peaks are observed

Figure 1.2. XP survey spectrum of a carbonate mineral surface.
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for each photoelectron, and the binding energy is dependent on the core shell from which
the electron was ejected. Spin orbit splitting occurs when photoelectrons are ejected from
orbitals with orbital angular momentum (i.e., p, d, and f orbitals, but not s orbitals). This
appears in XP survey spectra as a split peak; a careful examination of the Ca 2p peak in
Figure 1.2 shows a doublet corresponding to each of the possible angular momentum
states, j (defined as the sum of orbital angular momentum and spin angular momentum):
2p1/2 (where ½ = 1 + -½) and 2p3/2 (where 3/2 = 1 + ½). When Z < 10, Auger emission,

Figure 1.3. High-resolution carbon spectrum showing two distinct chemical states of
carbon present at the surface of the carbonate mineral.
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whereby an inner-shell electron is ejected as a relaxation pathway following ejection of
the photoelectron, is favored. Auger peaks are noted in Figure 1.2 for Ca and O and are
identified on the basis of the shell transitions involved (e.g., KLL).
High-resolution XP spectra are useful in identifying the oxidation state or
chemical environment of a particular element. The energy of a photoelectron is shifted
depending upon the overall charge on the atom, which is based on the substituent groups
to which that atom is bonded. The C 1s peak in Figure 1.2 is clearly made up of two
peaks; a high-resolution spectrum of this C 1s region is shown in Figure 1.3. In this case,
when C is bonded to O, a more electronegative element, the ejected 1s electron exhibits a
higher binding energy. This difference in binding energy is called the chemical shift and
is useful in understanding the chemical environment of the surface, as well as the
functionalities and oxidation states present.

1.5 Literature review
Rock paintings are complex surfaces consisting of a rock substrate (usually
dolomite or calcite limestone in which solution caves form); an inorganic pigment, such
as an iron or manganese oxide; an organic binder containing proteins, lipids, or biofilms
from bacteria; and other mineral deposits. This review will examine the use of XPS on
these and similar materials. Understanding the limitations and capabilities of XPS on
model geologic and polymeric substances will provide insight into our specific, complex
application. We have carried out the first XPS studies of surfaces associated with rock
paintings.
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The use of XPS in the study of archaeological materials is not widespread. The
earliest application of XPS in archaeology was in the beginning of 1970. Ancient
pottery, metallic objects, paintings, pigments, and degradation of ancient paper were
studied with this technique.4 Lambert et al.5 provided an extensive review of the
application of XPS in archaeological artifacts that include inorganic materials such as
pottery, glass, pigments, glazes, and metals. XPS, along with magnetic microanalytical
methods such as magnetic susceptibility and hysteresis, was particularly useful in
differentiating iron-based pigments made from minerals or plant material. These two
techniques provided information on iron based black paints that were used in prehistoric
American Southwest pottery.6 XPS can provide chemical information from shifts in
binding energy, and because it is also nondestructive, it is complementary to other
analytical techniques used in the study of archaeological materials.
Nondestructive surface techniques are often desirable because of the limited
sample sizes and the desire for conservation in archaeology. Conserving ancient
buildings from surface alteration is a challenge. To minimize the effect of environmental
damage, a suitable protective coating is often considered in the conservation of museumbased objects. Spotto et al.7 performed aging tests of one such coating, using XPS. He
used a fluorinated phosphoric ester-based coating on ancient monuments made of
limestone. Accelerated aging tests caused loss of some of the fluorine moieties,
suggesting that the coating may not offer significant protection to the limestone on time
scales that are relevant for historic preservation.
Geologic applications of XPS to understanding the surface of calcite and other
minerals have ancillary application in the analysis of archaeological materials. Many
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rock paintings have calcite or dolomite rock substrates. The rock substrate surface
changes as mineral accretions form through weathering; this can contaminate the
paintings with organic matter that is not related to the original paint. Study of these
surfaces would help in understanding how these alterations affect the substrate. Structure
and bonding properties of pure calcite crystal cleaved at {101} have been analyzed by
using low-energy electron diffraction (LEED) and XPS.8 A freshly cleaved surface
exposed to various atmospheres and aqueous solutions was studied with these two
techniques. The importance of a having a clean surface and how to deal with
contamination of surfaces are discussed further in that work. Baer et al. studied pure
calcite crystals cleaved at {1014}.9 The high-resolution carbon 1s XP spectrum of the
calcite showed the presence of carbide or adventitious carbon contamination. Further
investigation of the same type of calcite surface over subsequent years with better
instrumental conditions showed no adventitious carbon in the high-resolution spectra.10,11
The outermost surfaces and structure of calcite have been studied by XPS, LEED, and
time-of-flight secondary ion mass spectrometry (TOF-SIMS), and the physical
morphology of calcite surfaces upon hydrolysis was examined with atomic force
microscopy (AFM).12 Characterization of synthetic and natural forms of calcite surface,
such as aragonite, vaterite, dolomite, and calcite, using valence band XPS detected slight
variations in BE and showed that different forms of calcite surfaces have slight variation
in their binding energies.13
XPS provides important chemical information about the presence of organic
carbon in the sample matrix. In an archaeological context, there may be more than one
source of organic carbon. Organic carbon in rock paintings may originate from the
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binder medium mixed with the pigment or may be due to organic contaminants such as
soot or bacterial growth. Bacterial growth in an archaeological deposit could range from
a simple protein to complex polymeric biofilms. Using XPS and scanning Auger
microscopy, Paparazzo et al.14 studied organic carbon-bearing species as the major source
of carbon enrichment observed at the surface of a lead pipe (fistula) and a Roman bronze
statue. Their observations were consistent with the metal objects’ having been rubbed
with oil, pitch, and bitumen in antiquity. XPS and scanning electron microscopy- energy
dispersive spectroscopy (SEM-EDS) were used to study a black film formed on European
buildings of archaeological significance.15 Carbon in the film was found to be mainly
soot from air pollution. Chemical analysis on a black paint on the façade of a
Renaissance building in Italy was performed by XPS, Fourier transform infrared
spectrophotometry (FTIR), SEM-EDS, and gas chromatography-mass spectroscopy (GCMS).16 Carbon in the paint was found to be of vegetal origin.
Another source of organic carbon as contaminant is humic acid deposited from
windblown soil or from groundwater movement through the rock. Humic materials are
of importance in archaeology because of their distribution in the biosphere. These
substances often interfere and contaminate archaeological artifacts that are to be
radiocarbon dated. They are formed by microbial decay of dead biomass of plant
remains. Studies of humic acid are complex, as they have no definitive structure. SaizJimenez and Hermosin studied dripping ground waters in Altamira cave17and a black
coating in Cueva del Encajero,18 both in Spain, using pyrolysis GC-MS. The coating in
both cases was found to be similar to the soil above the caves. XPS analysis on humic
substances has been used mainly in soil chemistry.19 Solution-state nuclear magnetic
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resonance spectroscopy (NMR) and XPS were used to structurally characterize aquatic
humic substances.20 Even though there is an overlap of certain functional groups in both
techniques, combined NMR and XPS provide a better understanding of humic
substances. The complexity in analyzing humic acids increases for solution-phase NMR,
as humic acid is not completely soluble in water and finding a good solvent is a
challenge. Solid-state NMR under cross-polarization and magic angle spinning (CPMAS), coupled with XPS analysis, provides more information on humic acid structure.21
XPS can be used as a complementary technique to NMR in understanding carboxylic
acid groups in soil humic acids.
Clearly, XPS has not been used extensively in the study of organic archaeological
materials. It has significant advantages for aiding understanding the formation of
coatings at surfaces. In addition, it is nondestructive and requires little or no sample
pretreatment. Thus, XPS has the potential to be a valuable technique in studying a wide
range of archaeological artifacts.

1.6 Significance of project
XPS will aid in understanding specifically the surface of the black deposit covering
pictographs in Little Lost River Cave in Idaho. This work will complement other bulk
analyses carried out with pyrolysis-GC-MS and thermally assisted hydrolysis
/methylation (THM)-GC-MS.22
Little Lost River Cave, in south-central Idaho, contains rock paintings of interest
to archaeologists. The paintings are covered by an unknown black material. In 2001, this
material was sampled in the hope that a radiocarbon age on it would provide a minimum
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age for the underlying paintings.23 Previous analysis on this material indicated that it is
rich in organic carbon 24 and may be the result of cooking fires within the cave.25
Pyrolysis-GC-MS and THM-GC-MS 22 indicate that the cooking residue hypothesis
proposed by Steelman et al.25 is not likely because the material bears a strong
resemblance to humic and fulvic acids. Depending on how the coating formed—through
deposition of ground water or condensation from smoke and/or cooking—the surface
should differ. Thus, this work focused on the formation mechanism and looked at the
material from a surface standpoint.

1.7 Objectives
The objectives of this project were to
1. use XPS to qualitatively determine the surface elemental composition of the
black residue;
2. semiquantitatively characterize the surface, for comparison with other surfacerelated materials; and
3. examine the relationship between the chemistry and depth by using Ar+
sputtering.
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CHAPTER 2
EXPERIMENTAL MATERIALS AND METHODS

Characterization of the surface of the coating is important in validating the
radiocarbon date obtained by Steelman et al.24 Plasma-chemical oxidation (PCO) was
used in that case to oxidize the organic material at the surface of the coating to carbon
dioxide, which was subsequently radiocarbon dated by accelerator mass spectrometry.
The PCO sample preparation technique for radiocarbon dating rock paintings was
pioneered by Russ et al.26 The low-temperature, low-pressure, oxygen plasma discharge
selectively oxidizes organic carbon in the presence of inorganic carbon (as carbonates
and oxalates). As the interaction with the plasma occurs primarily at the surface of the
material, it is important to know that the organic material at that surface stems from an
archaeologically relevant event. In this case, that means that the coating surface must not
be of a primarily geologic origin if it is to provide a minimum age for the underlying
pictographs.

2.1. Materials
The materials utilized in this study are listed in Tables 2-1 and 2-2. Table 2-1
lists and describes the standards, and Table 2-2 describes the samples studied. Many of
these samples were collected during a visit to Little Lost River Cave in May 2005.
Figure 2.1 is a map of the cave showing the locations from which the samples were
removed. Identification codes listed therein are used throughout this thesis.
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Table 2.1. Standard Materials
Standard ID

Description

CaCO3

CaCO3 powder on double sided tape (Aldrich Chemical)

Marble chip

Flat marble chip (Aldrich Chemical)

AA-HA

Humic acid, Alfa Aesar (CAS#1415-93-6)

IHSS-HA
IHSS-FA
WSGS
Dolomite (D)

International Humic Substances Society Standard, Elliot soil humic
acid powder.
International Humic Substances Society Standard, Elliot soil fulvic
acid powder
Wood smoke on galvanized steel (obtained by burning wood chips in
an enclosed flue under natural – temperature and distance unknown –
conditions)
Uncoated dolomite from roof spall inside cave

Table 2.2. Sample Materials
Sample ID
Llrc

Map ID
N/A

Sample description
Dolomite substrate with slight black residue from
10BT1, from 2001 sampling

Scoat

Unknown Shiny black with little substrate

Dull sooty black on
dolomite

Unknown Sooty black on dolomite substrate

Sample # 1

1

Sooty black coating with thin dolomite substrate

Sample # 6

6

Shiny black residue without substrate

Sample # 3

3

Shiny residue without substrate

Sample # 5

5

Shiny residue on the dolomite substrate

Sample # 4

4

extracted and dried on 10mm quartz glass
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Figure 2.1. Map of Little Lost River Cave (modified from Reference 27) showing
sampled locations from 2005. The samples marked “location unknown” were collected
by C. Merrell in October 2004.

2.1.2 Sample preparation for XPS
All samples except sample 4 were analyzed as received. The samples were glued
to double-sided graphite tape and then mounted onto a clean aluminum holder for XPS
analysis. The powder standards were glued to graphite tape as a film, and IHSS humic
and fulvic acids were pressed onto indium foil.
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2.1.3 Sample extraction procedure for XPS and NMR analyses
Approximately 0.05 g of crushed sample 4 was placed in a plastic vial. To it, 0.5
mL of demineralized water with a drop of 30% NaOH was added. The vial was then
sonicated for 20 min and centrifuged for 10 min. The sample changed color to light
yellow. The clear solution was filtered through a Pasteur pipette filled with celite and
glass wool. The procedure was repeated for the second extraction. The final solution was
added drop wise and dried onto a 10-mm piece of quartz glass, which was then mounted
on an aluminum stub for XPS analysis.
Approximately 0.2 ~ 0.3 gm of samples 1, 4, and 5 were powdered and
transferred into separate plastic vials. The extraction procedure above was repeated with
D2O and a drop of 30% NaOD. The filtrate was then transferred to NMR sample tubes
for 1H NMR analysis. Limited sample size allowed 13C NMR of sample 4 only.

2.2 Methods
2.2.1 XPS
The photoelectron spectra were recorded on a Physical Electronics, Inc. 5100
Series XP spectrometer. Samples were irradiated by a Mg Kα monochromatic x-ray
source (photon energy = 1253.6 eV) operated at 15 kV and 300 W. The kinetic energy of
the photoelctrons were analyzed by a hemispherical electron energy analyzer with a work
function of 4.17 eV and constant pass energy. All experiments were performed in ultra
high vacuum (UHV) conditions with an overall base pressure of 10-9 Torr. A 4-mmdiameter analysis area was used. The survey and high-resolution scans were collected at
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pass energies of 143.05 eV and 44.75 eV, respectively. For depth profiling studies, the
surface was etched with an Ar+ gun operated at 20 mA with a chamber pressure of 1×10-7
Torr.
The resulting data were treated by using standard XPS methods. An asymmetric
background correction using the Shirley function (described in detail by Castle and
Salvi28) was used for all spectra, and peaks were fit to a mixed Gaussian-Lorenzian
distribution. Quantitation was performed by using equation 1, 29
(Ai/Si) ÷ ∑Ai/Si

(1)

where Ai is the area and Si is the atomic sensitivity factor for the element i being
determined. Atomic sensitivity factors are empirical constants determined on standards of
the elements.30 This yields an atom percentage (atom %) for each element at the surface
of the material.

2.2.2 NMR
Solution-phase NMR was carried out on a Jeol 400 MHz 1H/13C NMR
spectrometer. The 13C NMR conditions included a single pulse at a 45° angle, an
acquisition time of 1.04 s per scan, and a 4-s relaxation delay time. Acquisition required
25000 scans to obtain an adequate signal-to-noise ratio.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 XPS survey results: general observations
Small, flat samples of the coating (Llrc, collected in 2001, and Scoat, collected in
2004) were provided initially for XPS analysis. Figure 3.1 shows the low-resolution
survey spectra, indicating carbon and oxygen on the surface with trace levels of nitrogen,
calcium, and chlorine. These results are consistent with those obtained by electron
microprobe analysis.23

O1s

C1s

(a)

O1s
C1s
N1s
(b)

Figure 3.1. Low-resolution survey spectra of (a) Llrc and (b) Scoat.
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To determine which peaks observed in the spectra of the coatings could be
attributed to the dolomite substrate, a clean, uncoated sample from the cave would have
been ideal. Initially, none was available. Instead, a sample of marble chip (calcium
carbonate solid) was chosen as a stand-in for the blank background. Although this could
not provide information about other contaminants on the surface, it showed where the
characteristic peaks from the carbonate background would be expected. Figure 3.2 shows
the low-resolution survey spectrum of the marble chip. The material caused a
considerable shift in the binding energy because of its porous and insulating nature. This
can be observed in the high-resolution C1s spectrum inset. The shift was calculated to be
+ 6.0 eV. The inset also shows that carbon is present in at least two oxidation states.
Taking the shift into account, the carbon peak at 284.3 eV was assigned to adventitious
carbon, and that at 289.3 eV was assigned to carbonate carbon. These values are standard
values for carbonate and adventitious carbon observed in the literature.31
On a return visit to 10BT1, a sample of the actual dolomite was collected for
comparison. This sample had no coating present and was run as received (without
washing). The survey spectrum for the 10BT1 dolomite is shown in Figure 3.3. In
general, the comparison between the dolomite and the marble is good. Chlorine, present
only at a trace level, is likely from salts that have formed on the surface of the natural
dolomite and was observed by Steelman et al. as well.24 Unfortunately, the C 1s
spectrum of the dolomite did not show the simple pattern observed in the marble (Figure
1.3). An additional peak occurred between the adventitious and carbonate peaks, likely
caused by the airborne dust that deposits on all surfaces in the area. This peak, at 287 ± 1
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eV, may be attributed to carbonyl C that may originate from humic substances in the
soil.21
Humic and fulvic acids are possible sources of black coatings in caves, as was
discussed in the Introduction. For comparison, we examined powdered humic acids by
XPS. Two different humic acids were studied: humic acid from Alfa Aesar (CAS #
1415-93-6) from an undetermined source and International Humic Substances Society

Figure 3.2. Survey spectrum of marble chip standard (inset: high-resolution C1s spectrum
showing presence of at least two oxidation states of C).
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Figure 3.3. Survey spectrum of uncoated dolomite from 10BT1 (inset: high-resolution C1s
spectrum showing presence of at least three oxidation states of C).

(IHSS) Elliot Soil humic acid. A fulvic acid, also from the IHSS Elliot Soil, was
examined as well. The survey spectra for these three standards are shown in Figure 3.4.
Two of the standards were run on indium foil; an In3d peak is clearly visible at 446 eV.
Potassium contamination was also present in the AA-HA standard.
For comparison to the humic and fulvic acids, survey spectra for four of the
10BT1 coating samples are shown in Figure 3.5. These four spectra are similar, showing
mainly C, O, and, in some cases, N. Aluminum is present as a contaminant, likely from
the sample stub. The spectra clearly are quite similar to those obtained for humic and
fulvic acids.
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Figure 3.4. Survey spectra for humic and fulvic acid standards. Asterisks indicate peaks
resulting from sample mount (In foil) or unknown (K, likely contamination).
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Figure 3.5. Survey spectra of four of the 10BT1 coating samples.

The survey spectra of the dolomite and the coating samples are dominated by the
C and O peaks. However, the dolomite survey spectrum also showed significant calcium
signals that do not appear in all of the coating samples, and when it was present, it was
present at less than 1 atom %. This shows that XPS is truly showing the composition of
the coating’s outermost surface and is not penetrating through to the rock background.
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This is significantly different from the EPMA analysis done previously by Steelman.23
Hence, the carbon signals in the survey spectra of the samples are specific to the coating,
particularly when no Ca signal is observed.

3.2 XPS high-resolution results: C spectra
The survey spectra are not particularly useful for identifying a material at the
surface, as they are purely qualitative. High-resolution spectra are more informative and
can be used semiquantitatively. Carbon is found in different oxidation states in the
coating, as can be seen in Figure 3.6. For the high-resolution C spectra, peak A
corresponds to adventitious carbon, typically resulting from the ubiquitous hydrocarbon
present in the high-vacuum chamber from pump oil. This peak is often used as a
standard by which charging effects can be determined, as it is expected at 284.3 eV.30
The coating samples exhibited less charging, +1-2 eV, than was observed for the
dolomite standard described above. For example, peak A was observed at 286 ± 1 eV,
compared to the expected 284.3 eV. Peak B, at a charging-corrected value of 287 eV,
may correspond to carbonyl or some other functionality wherein C is bonded to O. Peak
C, at a corrected BE of 289 eV, is either C in an amide functional group, or in carbonate.
Identification of Peak C is dependent on the presence of either Ca or N. In Figure
3.5, the “sooty dull coating” shows a significant N peak at a BE of ~400 eV. When N is
present in such large quantities, this could indicate that the C289 signal in Figure 3.6
corresponds mostly to amide carbon rather than to carbonate (which likely is also present,
but to a lesser extent). For comparison, the C289 signal observed in the dolomite standard
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Figure 3.6. High-resolution C spectra for four coating samples. Peak A (284 eV)
corresponds to C-C, C-H (adventitious); Peak B (287 eV) may correspond to C=O; and
Peak C (289 eV) may be carbonate or amide C.
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Figure 3.7. High-resolution C spectra for the four standards. Peak A corresponds to C-C,
C-H (284 eV, adventitious); Peak B may correspond to C=O (288 eV); and Peak C may
be carbonate or amide C (289 eV).
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(peak C) in Figure 3.7 must correspond to carbonate because there was no nitrogen
present on the surface of that sample.
Humic and fulvic acids (Figure 3.7) show C peaks at the same three binding
energies as were observed in the coating samples. Other authors, also using XPS, have
studied C in humic and fulvic acids from dissolved organic matter, fitting significantly
more peaks to the C1s region. Bubert et al.20 fit four peaks with the aid of 13C NMR; as
their study used an Al Kα source without an additional monochromator, it is the most
comparable to what we present here. A monochromatic x-ray source provides narrower
peak shapes in high-resolution XPS. Monteil-Rivera et al.21 were able to fit eight peaks
to the C1s region, using a monochromatized source and 13C magic angle spinning solidstate NMR. The high-resolution C spectra presented here were fit with only three peaks;
the minimum full width of a high-resolution C peak at half maximum height (hereafter
FWHM) under the conditions used was approximately 1.7 eV. Thus, the observed range
from 284 eV to 289 eV could contain only three peaks at this width.
Because previous authors23, 24 believed the coating to be a cooking residue, we
also compared the surface composition to surface-condensed wood smoke. Figure 3.7
shows little similarity between the C1s spectra of wood smoke and those of the other
materials. Some of this difference may be attributed to the changes in the composition of
wood smoke that occur with distance from the fire source.

25

3.3 Comparison of C results with 13C NMR
To further clarify the nature of the observed carbon peaks, solution-phase 13C
NMR was carried out, following the sample preparation method described in Chapter 2.
Only one of the samples, sample #4, was sufficiently concentrated to yield even
qualitative NMR data, indicating the presence of aliphatic and carbonyl carbon (Figure
3.8). Unfortunately, this was also one of the only coating samples that did not contain
significant nitrogen. XPS of this sample showed only the aliphatic C and carbonyl peaks
as seen in the inset in Figure 3.8. Other studies of the black coating from 10BT1 using
py-GC-MS and THM-GC-MS also observed the presence of aliphatic alkene/alkanes and
amide groups in water solutions; thus, the high-resolution C1s spectra of the coating
samples are consistent with the results of bulk analysis.25

3.4 XPS high-resolution results: N spectra
High-resolution nitrogen 1s signals of the coating samples were observed at 399400 eV. Figure 3.9 shows these spectra, with dolomite provided for comparison.
Nitrogen at 399 and 400 eV is indicative of aromatic or amide nitrogen.32 Nitrogen at
399 and 400 eV has been reported in typical soil humic and fulvic acids in studies of soil
particles.21, 32 Figure 3.10 shows the N1s peaks for fulvic and humic acid standards; as
+1-2 eV charging was observed for the C284 peak, the N1s of these materials also occurred
at 400 eV, as expected on the basis of the literature.21,32
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Figure 3.8.

13

C NMR spectrum of Sample #4. Inset shows the C1s XP spectrum for the

same sample.

Nitrogen levels in the samples varied from only a trace to a quantifiable amount.
It was also noticed that nitrogen levels varied irrespective of physical appearance of the
coating: the shiny black samples were not consistently high in N. The nitrogen content,
too, was consistent with the bulk analysis by py-GC-MS and THM-GC-MS, which
showed significant amide and aromatic nitrogen in the samples (likely derived from the
proteinaceous moieties of humic and fulvic acids).25
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Figure 3.9. High-resolution N1s of different coating samples. The ordinate in this case is
relative intensity.

Figure 3.10. High-resolution N1s spectra of IHSS fulvic and humic acids.
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3.5 Quantitative results
Table 3.1 shows the quantitative results for all of the samples studied with XPS.
Not unexpectedly, the dolomite substrate showed the least amount of carbon of all the
samples. Two samples, Scoat (the shiny coating with little substrate) and the dull sooty
coating, had high levels of nitrogen, significantly more than would be expected for a
humic or fulvic acid. The atomic compositions of the other coating samples compared
well with experimental and theoretical C, N, and O contents for humic acids. The
standard humic acid from Alfa Aesar contained a significant amount of K as an impurity.
The origin of this particular humic acid is not known, even to Alfa Aesar. Traces of Ca,
Cl, Fe, and Si are likely from dissolved salts that are deposited at the cave surface.
The coating composition was variable throughout the cave. The high percentage
of carbon on the coating, when compared to that of the dolomite, does indicate the
presence of organic carbon, as had first been proposed by Fichter et al. in the elemental
analysis done in the 1950s.34 The coating composition seems to be consistent with that
of soil humic acids.

3.6 Depth profile
Depth profiling was performed on several of the 10BT1 samples in order to carry
out our second goal: to characterize the buried regions of the coating. Depth profiles did
not give significant information because of the cracked and uneven surface morphology
as observed by SEM and shown in Figure 3.11. A plot of atom percent vs. sputtering
time (with the Ar+ beam aligned) for the sooty sample (#1) is shown in Figure 3.12. The
total C decreases with sputtering, but Ca does not increase at all. Thus, even sputtering
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for 170 min cannot remove the sooty coating and reveal the dolomite underneath. Figure
3.13 shows that the C284 signal, typically associated with adventitious carbon, did
decrease after 10-20 min of sputtering the surface. Therefore, the aliphatic carbon
observed on the surface of the coating samples was truly observed in the coating itself
and was not simply an artifact of the high-vacuum system.

Table 3.1. Elemental Composition of Samples and Standards

Material

C, at%

O, at%

N, at%

Other

Dolomite

36.9

41.8

trace

7.8% Ca, 10.3%
Si, 1.2% Cl

Scoat

59.8

28.1

11.1

trace Ca, Cl

Dull sooty black
on dolomite

60.1

27.8

12.1

trace Ca

Sample # 1

63.3

28.8

trace

trace Ca

Sample #5

67.7

31.9

--

trace Ca

Sample # 6

54.2

32.8

4.5

trace Ca, Cl

Sample # 4
(bulk sample)

77.9

19.7

--

trace Ca, Fe

IHSS-HA

64.0

25.3

5.8

AA-HA

84

10.2

3.6

IHSS-FA

71.3

23.2

4.1

Calculated
values for
typical soil HA33

64

32

4.4

2.6% K
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Figure 3.11. SEM photograph of the surface of the coating.

Figure 3.12. Result of Ar ion sputtering of Sample #1, showing a decrease in total carbon
but no change in calcium.
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Figure 3.13. Plot showing change in each of the observed C 1s signals with sputtering
time for Sample #1.
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CHAPTER 4
CONCLUSIONS

4.1 General conclusions
The coating seemed to be heterogeneous throughout the cave, as it varied in
surface atomic composition and nitrogen levels depending on the samples. High levels of
carbon and different chemical shifts in the coating surface are indicative of the presence
of organic carbon and were also observed by prior analyses of the coating.23, 24 The bulk
techniques using py- GC-MS and THM-GC-MS also showed the coating to be a mixture
of different materials.25
The nitrogen peak in the high-resolution XP spectra present at ~399-400 eV BE
suggested the presence of aromatic and amide moieties in the coating surface. C-C/C-H at
284 ± 1 eV BE, C=O at 287 eV BE, and C (O) N / CO32- at 289 eV BE were found in the
surface of the samples. Nitrogen and carbon results were comparable to soil humic and
fulvic acid standards.
XPS is a useful surface technique that complements bulk analyses. The XPS
results presented here support the bulk py-GC-MS studies that suggest that the surface is
similar to humic acids.25 This indicates that the coating most likely formed through the
deposition of humic acids by groundwater moving through the cave wall and drying on the
surface. The trace elements such as Ca, Si, Cl, and Fe seen in XPS spectra could result
from the salts that formed on the surface over time.
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4.2 Future analyses
The coating was found to be partially water soluble by Steelman et al.24 It would
be interesting to wash away the water-soluble layer to determine if there is insoluble
material underneath the shiny coating. The resulting material could then be examined
with XPS to observe changes in the surface. A decrease in carbonyl signal would be
expected if that signal truly originates from adhered soil. If the C-C/C-H peak were
predominant on the surface, it could be possible to determine if the insoluble part is due
to soot or smoke (possibly caused by cooking fires in the cave, as stated by Steelman et
al.24). A soot or smoke residue might provide a source of anthropogenic carbon that
would provide a meaningful radiocarbon date. However, a natural fire could also leave
behind this type of residue. To truly determine the age of the underlying paintings,
however, a sample of the actual paint is needed.
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